The capacity of reinforced concrete solid slab bridges in shear is assessed by comparing the design beam shear resistance to the design value of the applied shear force due to the permanent actions and live loads. Results from experiments on half-scale continuous slab bridges are used to develop a set of recommendations for the assessment of slab bridges in shear. A method is proposed allowing to take the transverse force redistribution in slabs under concentrated loads into account, as well as a horizontal load spreading method for the concentrated loads. Keywords: slab bridges; shear; assessment; live loads; effective width; case studies
Introduction
In the Netherlands, a large number of the existing reinforced concrete bridges in the road network are short span solid slab bridges. 60% of these existing bridges have been built before 1975. Since then, the traffic loads and intensity have increased significantly, which is reflected by the heavier live load models in EN 1991-2:2003 [1] . On the other hand, the shear capacity as prescribed by the codes is more conservative in the recently implemented EN 1992-1-1:2005 [2] than in the previously used national code NEN 6720 [3] . As a result, several existing slab bridges are found not to satisfy the criteria when assessed for shear according to the current codes. However, when these structures are inspected, no signs of distress can be observed [4, 5] . Results from testing a decommissioned slab bridge [6] indicate that slab bridges possess a higher strength than found by current rating procedures. As a result of these observations and conclusions, the Dutch Ministry of Infrastructure and the Environment initiated a project to improve the assessment practice for existing bridges under the increased live loads. In total, the shear capacity of 600 reinforced concrete solid slab bridges should be verified.
The large number of solid slab bridges that are identified as shear-critical requires a systematic approach. In a preliminary general assessment the database of slab bridges was screened in order to identify the particular bridges requiring a more detailed analysis. For this purpose, a fast, simple and conservative tool is required: the Quick Scan method. The first Quick Scan sheets are developed by the Dutch Ministry of Infrastructure and the Environment in the mid-2000s. The output of these spreadsheets is a "unity check" ("uc") value: the ratio between the design value of the applied shear force resulting from the loads (dead loads and live loads) and the shear resistance. The wheel loads should be placed in such a way that the maximum shear stress is found near the edge of the support [7] .
The shear capacity as prescribed by the codes under consideration (NEN 6720 [3] and EN 1992-1-1:2005 [2] ) is determined by a semi-empirical expression based on experiments on relatively small, heavily reinforced concrete beams mostly loaded in four-point bending [8] . However, when a slab is loaded under a concentrated load, transverse load redistribution can result in higher shear capacities. This mechanism is not taken into account in the codes. Recently [9] experiments have been carried out to quantify the increase in shear capacity in slabs as compared to beams. These experiments form the basis for new recommendations for the shear assessment of slab bridges.
2.
Loads for assessment
Live load model
The shear stress at the support results from the action of dead loads and live loads. 2 for all other lanes. In the Dutch National Annex, for bridges with 3 or more notional lanes, the value of α q1 equals α q1 = 1,15 and for i > 1 the value can be taken as α qi = 1,4.
Safety requirements and load factors
Currently, the Eurocode suite can be applied for the design of structures, but guidelines for assessment of existing structures are not provided. For assessment according to the basic assumptions and philosophy of the Eurocodes, in the Netherlands a set of national codes (NEN 8700 [10] the basic rules, NEN 8701 [11] for actions etc.) is developed. Existing structures may be assessed for lower safety levels than newly designed structures. Therefore, different sets of load factors can be used. The two safety levels described in NEN 8700:2011 [10] are the repair level (used for assessment in the Quick Scans) and the replacement level. The load factors associated with the repair safety level are γ DL = 1,15 for dead loads and γ LL = 1,3 for live loads. The reliability index associated with these load factors is β rel = 3,6 for structures built before 2012 [12] and for consequences class 3 from EN 1990:2002 [13] .
Recommendations

Effective width and lower bound
Slab and slab strips with a width varying between 0,5m and 2,5m have been tested under 6 different loading conditions. The results are used to evaluate the horizontal load spreading methods. In line with the concept of the effective width (Fig. 2) , for slab strips with a small width an increase of the specimen width should lead to an increase of the shear capacity: the full specimen width carries the load at the support. For larger widths, a threshold value should apply above which no further increase in shear capacity is observed with an increasing specimen width. This threshold value corresponds to the effective width which carries the load at the support, and is -according to the concept sketched in Fig. 2 -independent of the specimen width. The experimental results indeed show a threshold value which is then compared to the calculated effective widths based on the studied load spreading methods. The results of this comparison [14] indicate that the effective width should be based on the French load spreading method resulting in b eff2 from Fig. 2 .
In a next step, a statistical analysis is used to study which load spreading method should be used in combination with EN 1992-1-1:2005 [2] . All experiments on slabs and slab strips under concentrated loads [9] are analysed as well as relevant experiments from literature [15] . (Fig. 2) is to be preferred as it leads to a smaller underestimation of the capacity and a smaller coefficient of variation.
In nonlinear finite element models the stress distribution at the support is used to determine the effective width [16] . The requirement for determining the effective width is theoretically that the reaction resulting from the total shear stress over the full support width should equal the maximum shear stress over the effective width. The resulting effective width is shown graphically in Fig. 3 for one of the slab shear experiments (S1T1) In Fig. 3 , the effective width from the "experiment" (green line) is based on the experimentally observed inclined cracks on the slab bottom. The results show a good comparison between the effective width resulting from the experimentally observed cracks, the effective width based on the nonlinear finite element calculations and the effective width b eff2 according to the French load spreading method (Alternative II in Fig. 3 ).
Based on the experimental results, the statistical analysis and the nonlinear finite element models, it is proven that the French load spreading method can be used to determine the effective width in shear. This method is now applied to the wheel loads in load model 1 from EN 1991-2:2003 [1] ( Fig. 1) , for which the effective width is determined per axle. For the axles in the first lane, an asymmetric effective width can be used with the edge distance limiting the effective width at the edge. Using an asymmetric effective width results in the resultant force of the wheel load not coinciding with the resultant force of the distributed shear stress at the support. Additional experiments indicate that an asymmetric effective width for loads near the edge can be used for loads placed with a clear shear span a v (face-to-face distance between the load and the support, Fig. 2 ) up to 5,4d l (d l = the effective depth) [17] .
A minimum value for the effective width needs to be determined. For the experiment with the load near the edge and a v = 200mm it was found that a minimum effective width of 4d l still leads to conservative results in combination with EN 1992-1-1:2005 [2] . The expression for the minimum effective width of 4d l can be used provided that it is the lower bound of 1,3(1,5b load + d l + b r ) with b load the width of the load (in the span direction) and b r the distance between the edge and the centre of the load [18] . 
Transverse load redistribution and β new
To take into account the higher shear capacities of slabs as compared to beams by virtue of transverse load redistribution, the introduction of an enhancement factor is proposed. This factor can be used to reduce the contribution of concentrated loads to the total shear force [19] . (Fig. 2 ) results in a 5% lower bound for the enhancement factor of at least 1,25. The enhancement factor is valid for loads close to the support. For loads placed at a clear shear span a v > 2,5d l no experimental evidence for the enhancement factor was found.
EN 1992-1-1:2005 [2] prescribes the use of a reduction factor for direct load transfer for the loads close to the support as β = a v /2d l . As the enhancement factor is also applicable in the vicinity of the support, these factors can be combined into β new = a v /2,5d l for the case of concentrated loads on slabs with 0,5d l ≤ a v ≤ 2,5d l .
Superposition of loads
The goal of the second series of experiments under a combination of loads is to verify the hypothesis of superposition. It is found [20] that the shear stresses at the support can be taken as the combination of the shear stress τ conc due to the concentrated load distributed over the effective width b eff2 with the shear stress τ line due to the distributed loads over the full slab width, b. Thus, the wheel loads from load model 1 can be distributed over the effective width per axle and the resulting shear stress can then be superposed to the shear stress due to the lane load, the superimposed loads and the dead load.
Lower bound for shear
defines a lower bound for the shear capacity for elements without shear reinforcement at which flexural failure will govern over shear failure. Yielding of the longitudinal reinforcement at a characteristic yield strength f yk = 500MPa was assumed for the derivation of this lower bound [21] . However, reinforcing bars with a lower yield strength are commonly found in the existing bridges. Before 1962, the standard reinforcement in the Netherlands was of the type "QR24" (f yk = 240MPa). To leave out the assumption of f yk = 500MPa, the expression for v min can be derived as a function of f yk : 
Improved Quick Scan method
4.1
Assumptions with regard to material and geometry When possible, the geometric input is taken from the original plans and drawings. The depth of the asphalt layer is typically not known. For the superimposed loads, the asphalt layer can be assumed as 12 cm.
The original Quick Scan method is developed for statically determinate structures. To expand the method to statically indeterminate structures, correction factors resulting from a series of case studies [18] are introduced, applicable within the scope of the Quick Scan method. A shear check should be carried out at every cross-section. In the Quick Scan approach which is discussed here, the cross-sections considered are at the face of the support (see Fig. 4 ). These locations are governing for shear in solid slab bridges with a constant cross-sectional depth The concrete compressive strength of a bridge is substantially larger than the specified compressive strength at 28 days as the result of cement hydration with time. Material research on the existing Dutch highway bridges indicated that, for the slab bridges owned by the Ministry of Infrastructure and the Environment, a minimum concrete cube compressive strength of 45MPa can be assumed without further verification [22] .
Live loads
Based on the recommendations developed from the experimental research, the most unfavourable position (Fig. 5 ) of the wheel loads can be determined, resulting in a maximum shear force at the edge of the width. This effect is obtained by placing the first axle in such a way that the faceto-face distance between the support and the tyre a v equals 2,5d l . This load configuration is governing since the set of recommendations takes the influence of direct load transfer and transverse load redistribution into account up to 2,5d l .In the second and third lane, the design truck is placed in such a way that the effective width associated with the first axle reaches up to the edge of the viaduct. This procedure is illustrated in Fig. 5 for the third axle (first axle of the second design truck). The second design truck is placed in such a way that b eff3 just reaches the edge of the viaduct.
Vertical stress redistribution of the wheel loads (400mm × 400mm) through the 120 mm asphalt layer is taken at a 45 o angle. The effect of temperature effects on the asphalt layer is not considered, and the structural behaviour is regarded at the concrete surface. Hence, this results in a fictitious wheel print on the concrete surface of 640mm × 640mm. In the Quick Scan approach, the tyre contact area as prescribed by EN 1991-2:2003 [1] is replaced by the fictitious tyre contact area on the concrete surface of 640mm × 640mm. 
Case studies
In an earlier version of the Quick Scan approach, the shear capacity was based on the design shear stress from NEN 6720 [3] . To assess the influence of the implementation of the recommendations combined with determining the shear capacity based on the design shear capacity from EN 1992-1-1:2005 [2] , case studies have been carried out. In total, 9 existing solid slab bridges having insignificant skew angles, with at least 3 spans and an (almost) constant cross-sectional depth are checked at minimum 3 different cross-sections as shown in Fig. 4 . The results are given in Table 1 
Summary and Conclusions
In These recommendations are applied to the Quick Scan method and determine the most unfavourable position of the wheel loads. Vertical load spreading through the asphalt layer is accounted for. A series of case studies on existing solid slab bridges shows the influence of the recommendations resulting in a decreased shear stress at the support.
